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summary 


An investigation was conducted at low Mach numbers 
to determine the effect of variations in pitch distribu- 
tion on propeller efficiency. Three 10-f oot-diaraeter 
three-blade tractor propellers mounted on a streamline 
body were tested for a blade-angle range .from 15 ° to 65 0 . 

In addition to the usual procedure 'of determining 
propeller thrust and power coefficients by f orce-balance 
measurements, surveys were. made of the total pressure 
in the propeller wake to determine the thrust loadings. 
The over-all propeller characteristics as well as the 
thrust and torque loadings were also determined by an 
analyt ic al me thod . 


■ The section thrust and torqrie coefficients are 
presented for seven standard radii in a form that enables 
rapid determination of the thrust and torque loadings of 
the three propellers at operating conditions within the 
limits of the data obtained. Charts are presented that 
show the variation of ^ower coefficient with blade-angle 
setting and advance -diameter ratio and that include lines 
of constant efficiency. Other charts show the variation 
of thrust coefficient with advance -diameter ratio at 
both constant blade-angle setting and constant power coef 
ficient. A comparison of the variation of thrust coef- 
ficient with advance -diameter ratio at several constant 
values of power coefficient is made to show the relative 
efficiency of the three ' propellers for a large range of 
operating conditions. The efficiencies are compared at 
several simulated flight conditions ranging from take- 
off to high speed. 


p 
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For the simulated flight conditions, the induced 
axial and rotational components of the efficiency loss, 
and the component due to profile drag are evaluated and 
•presented in tabular form. . Representative distributions 
of these induced and profile -drag losses are shown. 


G-ood agreement was obtained between the calculated 
and measured propeller characteristics. The results 
indicated that high efficiencies at large advance- 
diameter ratios (in excess of 3*0) could be maintained 
if the pitch distribution were near optimum. The induced 
axial-energy loss was shown to be independent of pitch 
distribution when the propeller was operating near peak 
efficiency. The induced rotational-energy loss might 
become excessively high at large advance -diameter ratios. 
The loss of efficiency due to profile drag would be 
critically dependent on the advance -diameter ratio and 
the re I itidnshir between 


'-'r 


tan y at a given section. 


INTRODUCTION 


The ideal pitch distribution of a propeller is the 
pitch distribution that, for a given operating condition, 
will yield minimum energy losses. The induced energy 
loss is a minimum when the blade loading is optimum. 

The profile-drag energy loss is a minimum when the pro- 
duct of the blade chord and profile-drag coefficient at 
each section is the least possible for the required blade 
loading. These requirements for minimum energy losses 
may he achieved for a given operating condition by 
following design procedures *such as those set forth in 
references 1 to 3, which are based on the work of Bets 
and Golds te in. 

Because of the fixed pitch distribution of a given 
propeller, the proper load distribution can not be 
maintained over a range of operating conditions. The' 
variation from optimum loading may become appreciable 
for large ranges of operating conditions such as those 
now being encountered by high-speed airplanes. The -work 
of reference 2 shows that improperly loading the pro- 
peller leads to appreciable increases in induced energy 
losses at high advance -diameter ratios, although the 
effect is small at advance -diameter ratios less than 
approximately 2.5. In particular, the induced rotational- 
energy loss is shown to become excessive if the shank 
sections at high advance -diameter ratios are overloaded. 
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The present investigation was made in the Langley 
propeller-research tunnel to determine the effects of 
pitch distribution on propeller characteristics for a 
range of blade -angle settings from lp° to 65 °. The 
program, included tests at low Mach numbers of three 
10-foot-diameter prnnellers having NACA 16 -series sec- 
tions and varying only in pitch distribution. In this 
program the usual force-balance test methods were 
supplemented with wake surveys to determine the thrust 
loadings. The thrust and torque loadings and propeller 
characteristics were also determined by an analytical 
method with two-dirasnsional-airf oil data. 

In the present paper the calculated and measured 
propeller characteristics are compared, and curves are 
presented that show the comparative efficiencies of the 
three propellers for a large range of operating condi- 
tions. The, calculated section thrust and torque coef- 
ficients were employed to evaluate the induced axial- 
energy and rotational -energy losses a-.d the loss due to 
profile drag" for several operating conditions. 

The section thrust and torque coefficients are pre- 
sented in a form that enables quick determination of the 
thrust and torque loadings of the .three, propellers at 
operating conditions within the limits of the data 
obtained . 

A chart is presented that permits a fairly rapid 
qualitative determination of the blade loading, for any 
propeller. Thi 3 chart was found to be quite useful as an 
aid in the .analysis of the results of this investigation. 



a 


axial inflow -factor (fig. 1 ) 
rotational inflow factor (fig. 1 )~ 


. number of propeller blades 


blade section chord, feet 





section profile-drag- coefficient 
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% 

P 


Cip 


D 

AD 


section design lift coefficient 
power coefficient (P/pn5D5) 
torque coefficient (Q/pn 2 D5) - 

thrust coefficient ( Tv-,/pn 2 D4) 
propeller diameter, feet 

change in body drag due to propeller slip- 
stream, pounds 


section profile drag, rounds 
(fig. 1) 


C^pW^b dr 


dCq/dx 

dCij/dx 

dL 


section torque coefficient 


section thrust coefficient 


d^/dx * 

^pn 2 r)5, 

"dT/dx> 


section lift, pounds 


\pn~ 
'Oj pW 2 b dr' 


(fig. 1) 


dvi/r 

dT 

S 

a 

3 D 


£j 


r 


AH 


section torque force, pounds (fig. 1) 

section thrust force, pounds (fig. 1) 

energy lost to axial momentum, in propeller wake, 
foot-pounds per second 

energy lost through profile drag, foot-pounds 
per second 

energy lost to rotational momentum in pro- 
peller wake, foot-pounds per second 

Gelds tern correction factor for finite number 
of blades 

total-pressure rise in propeller wake, pounds 
per square foot 


n 


maximum thickness of blade section, feet 
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I advance -diameter ratio (V/nD) 


5 


Q 

q 

R 

r 

rp 

T 

P 

V 

Vj 

w 


p 

Y- 


propeller rotational speed, revolutions per 
second 

power absorbed by propeller, foot-pounds per 
second (2rm<i) 

torque of oropeller, foot-pounds 

free-stream dynamic, pressure , pounds per 
square foot ( pV 2 /2 ) 

radius to propeller tip, feet 

radius to propeller element, feet 

3 haft t e n s i on , p ound s 

propulsive thrust, pounds (T - AD) 

free-stream velocity, feet per second 

local axial velocity, propeller removed, feet 
per second 

true resultant velocity, feet per second (fig. 1) 


w o 

geometric resultant velocity, feet per 
(fig. 1) 

second 

w ! 

total interference velocity at airfoil, 
per second (fig. 1) 

feet 

X 

radius ratio (r/R) 


Xq 

radius ratio at spinner juncture 


a 

section angle of attack, degrees (fig. 

1) • 


blade- section angle, degrees (fig. 1) 


, -l 
= can J - - 


n.. 


-l 


gc l 


angle of inflow, degrees ( tan 

~ (fig. 1) \ l\F sin 0/ 
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Tj propulsive efficiency ^TpV/P or C.jiJ/Cp) 

T)* 0 blade -section profile-drag efficiency 

p mass density of air, slug per cubic foot 

o„ standard sea-level mass density, slug per cubic 

0 foot 

o section solidity (Qb/2rrr) 

0 aerodynamic helix angle, degrees (fig. 1) 

0 geometric helix angle, degrees (tan“ d 

0 (fig. 1) \ 

angle of twist in propeller slipstream, degrees 
EQUATIONS AND METHODS OF ANALYSIS 



For the de termination of section thrust coeffi- 
cient dCm/dx from the wake pressure measurements, a 

convenient equation is given in reference ip that 
transposes to 


dG f _ AH rr t 2 
_ __ j x 

dx q ip 


( 1 ) 


Section thrust and torque coefficients were calculated by 
the method given in reference 5 • The airfoil characteristics 
shown in figure 2 for NACA lo-series oropeller sections 
were used in the calculations. These airfoil data were 
interpolated from reference 6. The free-stream velocity 
distribution was assumed to be uniform and the calculations 
were based on the propeller design dimensions. 


Equations for evaluating the induced fractional 
energy losses were taken from reference 2. The frac- 
tional energy lost to axial momentum is 


7 


MCA AHR Kc . l6e22 


and to rotational momentum ; m ~~~ 

n l.o 


where 


E 


_£ _ _1_ 

P Cn 


a 1 


dC r . 

H 

dx 


dx 


Xr 


“1 + \ / 1 + 


k 


dCm 

dx~ 


a - 


trJ^xP 


( 3 ) 


(ij.) 


dC,, 

t - sL 


2 


dx rr2jx3'('i + a)P 


( 5 ) 


The value of Xq for this investigation is 0.23o for 
all three propellers. 

The fractional energy loss due to profile drag is 


fb _ _1_ 

P ~ c Q 


ni.o 


\ dCn 

1 - TJ'o) dx 


dx 


( 6 ) 


The value of rj* can be shown to be 


R’o = 


;an . 0 


tan ( 0 + y ) 


where 

• tan 0 = —— — - tan 

1 - a* 0 

The angle y Can he determined from figure 2(b) if the 
operating C L . is known. Ah expression giving the 
operating ' C L can be derived from the following: 


G T _ 3b J 2 (1 + a-) 2 


dx 


8r 


HIT 


2 (* 


■ cos 0 - Cq sin 0 ^ 


o 
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_ 3b J 2 x (1 + a) 2 
dx IbR sin 2 j2f 


(Cj^ sin 0 + cos 0) 


Eliminating Cj) from the .expressions for the section 
thrust and torque and solving for C- gives the 
foil ow i ng equation 


— r 

°L " 


S-D 


xBbJ 2 


x + 2 tan 0 ^) Z2±jL2±j££ 

dx d x / ( 1 + a ) 2 


, 2 , 


APPARATUS 
Test Sq u i pme n t 


The tests were conducted in the Langley propeller- 
research tunnel. 4 A photograph of the test setup is 
given as figure 3 and the dimensional details are shown 
in figure 4 . A close-up of the propeller-spinner 
arrangement is given as figure 5 • The gap between the 
propeller blade and the celluloid coverplate was 
one thirty- second, of an inch all around. . 


The. propellers were driven by two variable-speed 
25 -horse bower electric induction motors that incorporated 
spring-selsyn dynamometer equipment for measuring torque • 
Propeller rotational speed was determined by means of 
electric tachometers and. propeller thrust, by the tunnel 
thrust-balance equipment . 


The total-pressure rise in the propeller wake was 
determined by a horizontal rake of total-pressure tubes 
along the light -hand radius. The radial stations at 
which the individual total-pressure tubes were located, 
were at >0, 34, 37, i+2, 43 / 51 , 55, 60 , 5 , 65 , 75, 3o, 
35, 90, 95, 99, 103, and 110 percent of the propeller 
radius. The distance from the opcpeller center line 


back to the total-pressure tubes was 7 b inches (0.0625D), 

and the minimum clearance between the blade trailing 
edge and the total-pressure tube at O.pOR was 0.0135D, 
or 1,62 inches. Pressures were recorded photographically 
from an NACA recording multiple tube manometer, which' 
was inclined 'o0° from the vertical in order to double 
the magnitude of the readings. 
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PROPELLERS 


The three nrooellefs selected for the investiga- 
tion were the NACA IO-JO8-O3-55, 10-3 : 08-05-'4.5, and 
10 - 303 - 03-30 and will hereinafter he referred to as 
propellers 953 , I4.5S, .and 308 , respectively. The first' 
group, of numerals in the designation 'denotes .the pro- 
peller diameter in feet; the first - digit of the" second 
group is ten times the design lift coefficient at 0 , 7 OR ; 
and the last two digits of the second group express 
the thickness -chord ratio at 0 . 70 R. The third group of 
figures gives the solidity per blade at O.7OR and the 
last group designates the approximate blade-angle setting 
at 0 . 70 R for the design condition. The blade design 
incorporates NACA lo-series sections.- The activity 
factor for each blade is 90 or for the three-blade tractor 
propellers, 270 , The blade-form characteristics are 
shown in figure 6, which also includes a curve showing 
the design lift coefficient Cr, 0 of the airfoil section 

at each station. The angular twist - Pq. 75 r) Qf* 

the blades is compared in figure 7(a) and. curves of p/D 
are shown in figure 7(b). 

The blades of propeller [(.5S were constructed of 
dural and conformed very closely to the design dimensions. 
The blades of propellers 553 and .3 OS were constructed 
of .mahogany and varied somewhat from the design 
dimensions . The blade-section angles of propeller 553 
were generally within ±0.25° of the specified angles, 
but two of the blades of propeller 5CS were found to be 
as much as 2° too high in the tip region and to vary 
by *1° in the shank sections. 


TESTS 


The range of the force measurements was from zero 
thrust to well beyond the stall for the blade angles of 
the following table : 
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The engine speed varied from a maximum of 550 rpm for 
low blade angles to 175 rpm f °r peak efficiency at 
P0.75R ~ c . The tunnel airspeed varied from 90 miles 


per hour for the large blade angles to 57*5 allies pel 

^0,75R 


hour for peak efficiency it On 7 cd = 15°. The Reynolds 


numb .-r based on the chord at 0/ 


was of the order 


of 1 x 10“ . The resultant velocities were too low to 
lead to any compressibility effect a for the tip Mach 
numb o r w a 3 a 1 w ay s less than 0.5 . 

At each blade angle , measurements of the total pres- 


sure were made for a 


range 


of advance -diameter ratio to 


include only the region of peak efficiency. No attempt 
was made to obtain measurements under conditions of 
stalled operation because previous investigations (for 
example, reference !>.) have Shown that such measurements 
are unreliable. The pressure measurements were not 
extended to Include zero thrust 'because of the limited 
time available for testing. A velocity survey (propeller 

1 ' * 

removed) was made 7y inches behind the propeller disk 
and the results are shown in figure 8. 

Blade-deflection tests of the thin wooden blades, in 
which a ref lected-light -beam method similar to that of 
reference 7 was used, showed that the blade deflections 
were not unduly large. At a blade angle of J0° the 
deflection varied from about 0.1° at an advance -diameter 
of 0,3 to no measurable amount at peak efficiency. At 
a blade angle of 55°> the deflection varied from 0,6° 
at a low value of J to 0.1° at peak efficiency. 

P X? Q ITT rp o ! ■* 7 7b *p» T Qf 1 7 r Q b! *r n 
i t u-j O ‘ j j_j 1 D A lb U JL i. O O J O x. v. * i\i 


In presenting the results of this investigation of 
pitch distribution, the blade section characteristics 
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d.n.>.l orooelxer characteristics are discussed, separately. 
T. .g c,i i iciencies of the three propellers are compared 
i oj.- a range of operating conditions to show the effect 
of changes in Hie load distribution* A discussion of 
energy losses completes the presentation. 


•Blade Section Characteristics 

G'alcalated blade-section charac t eristics .- The cal- 
P® - lads section characteristics for seven standard 
radii ^are shown in figures 9 to IIl, The variation 
of dCip/dx with J at both constant blade-angle setting 
and constant power coefficient for propellers 55s, ]:SS 
ana a Go, a.: e shown in figures 9 to 11. The corresponding 


values o 


dC^/dx 


are shown in figures 12 to llj.. 


^-Cjaeip r e g, c lade -sect ion characteristics.- Curves 
of dCr ' 


ax 


again s t 


' i us nets Plained from the wake ■•'res 
sure measurements, are presented in figures 9 to 11 for 
several blade-angle settings. Close agreement between 
tne measured and calculated results was not realized. 

Some of the factors that may have affected the results 
are: the- flow angularity and velocity variation in the 

tunnel jet, the increase in stream velocity at the 
spinner (fig. 8), the use of interpolated airfoil- 
section data, and the previously noted variation of the 
wooden blades from design dimensions. Some error was 
c».lso prooaoly derived from the use of a 3ingle survey 
rake for a recent investigation (reference o) concludes 
that more accurate data result from wake survevs across 
the propeller diameter rather than along a single radius. 

re" dCrp 

The measured' -yf-- curve 3, however, are generally 

parallel to the ‘calculated curves. Inasmuch as the 
assumption of the independence of blade sections holds 
to a fair degree of accuracy, the measured and calcu- 
lated curves of dC T /dx could possibly be brought into 

substantial agreement by considering only the blade 

discrepancies and the actual --distribution, This 

procedure was not attempted, however because of the 
uncertainty introduced by the use of a' single survey 
rake . *' 


-xscause o. i’ie unsatisfactory nature of the measured 
section thrust coefficients, the discussion is confined 
mainly go t, ;e calculated section characteristics. 
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Application of results.- The data presented in 
figures 9 to llq may be used .to determine the thrv.s t and 
torque loadings of the propellers tested at a given 
advance -diameter ratio for either the blade angles or 
power coefficients shown in the figures. An estimate 
of the loadings may also he obtained for other pro- 
pellers of not- too-dis similar design. Knowledge of the 
thrust and torque loading is useful for applications 
such as the determination of the pressure rise obtainable 
from a propeller and the stream angle in the propeller 
wake. The pressure rise at any radial station may be 
estimated by transposing the terms of equation (1) to 
find. AE/q , The equation for determining the stream 
angle immediately behind the propeller disk is given in 
re f o r ence It as 


iC 


Li 




tan V = 


dx 


•i;J 2 x 2 (l + a) 2 


The variation of dCy/dx with J at constant Cp 

at the 0,3 OR station is of interest in regard to the 
pressure rise obtainable for duct entrances located 
behind this station. Inasmuch as the value of dCgi/dx 

for propeller 55^ Is small or negative at low values 
of J (less than 2.0, see fig. 9(a)), this propeller 
would either not materially aid air induction or would 
interfere with it to some extent. The range of J 
from 1.0 to 2,0 corresponds roughly to climbing condi- 
tions for some airplanes, and thus propeller 553 might 
be deficient in propeller !, ram. u For the same range of 
operation, propellers LpS and pOS (figs. 10(a) and 11(a), 
respectively) would produce a pressure rise. The amount 
of pressure rise available from a given propeller varies 
with the type of installation: some installations tend 

to retard rather than to accelerate the free-stream 
velocity (propeller removed) and in such installations 
the section angles of attack of the shanks would be 
higher for the. same advance -diameter ratio. Changing the 
free-* stream velocity distribution for a given propeller has 
much the same effect on the pressure rise available as 
changing the pitch distribution for a given installation. 
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Propeller Characteristics 


The over-all characteristics of propellers 55s, 
i-i- 5 and 'jOS, as deter?nined from force tests, are 
shovm in figures 15 to 17, respectively. These figures 
show the variation of Cp with J at constant "blade- 
angle settings and include contour lines of constant 
efficiency. The operating chart for propeller 55s 
(fig. Ip) is of special interest because it shows that 
high efficiency can be obtained if the pitch distribu- 
tion is near the optimum at large ad vance -diameter 
ratios . The region of peak efficiency occurs at lower 
advance-diameter ratios for propellers l^S and 303 
(figs. 16 and 17 ) than for propeller 53s. The advance- 
diameter ratio for peak efficiency varies with the 
design pitch distribution and, of further interest, 
the region of high efficiencies becomes more limited 
as the design pitch distribution is reduced. The contour 
curve of propeller 55s for 91-percent efficiency, for 
example, extends over a range of J from 1.3 to 
about J4..0 whereas the corresponding range for pro- 
peller h 5 s is from approximately 1.3 to 3,0 and that 
for propeller 333 , from approximately i.l to 2.1. 


The variation of the thrust coefficients with 
advance-diameter ratio at constant blade-angle settings 
and also at constant power coefficients is shown in 
figures 18 to 20 for pronellers 553, 1|5S, "and 303, 
respectively. The variation of 0 T with J at 

cons bant Cp, shown for all three pronellers in 

figure 21, provides a comparison of their relative merits 
for a large range of operating conditions. 

Comparison of experimental and calculated propeller 
charac t eristics . - The calculated thrust and power coef - 
ricients are shown as short-dash lines in figures 15 
to 20 for comparison with the measured values. The’", 
curves at equal" blade -angle settings show a varying 
lack of agreement, principally as a result of 'the 
previously noted blade • di screpancies and the nonuniform, 
velocity field. The calculated results for the metal 
propeller (q-pS) are seen to be in better agreement 
with the measured results than are the calculated 
results for the wooden propellers, which indicates that 
the blade-design discrepancies are the more important 
cause of disagreement in the results of the two methods. 
When the calculated thrust .coefficients are compared 
with tiie experimental values at the same power coefficient 


lii- 
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(figs. 18 to 20), good agreement is obtained between 
the two sets of data through most of the operating range 

The good agreement bet ween the -experimental and 
calculated values of thrust coefficient at a given power 
coefficient, indicates that reasonably accurate blade 
thrust-loading and torque -loading curves may be 
constructed from the calculated section thrust and 
torque coefficients shown in figures 9 to 3-Ip • A com- 
parison of measured and calculated thrust -loading curves 
at constant power "coefficient is given in figure 22. , 
Because of the uncertainty of the wake-survey data, . 
this comparison is approximate, but the comparison is „ 
believed to tend to bear out the assumption that the 
calculated loadings will be similar to the actual 
loading for a given operating condition. 

The increase of flow velocity due to the spinner 
(propeller removed) raises the question of the effect 
of this nonuniform velocity distribution on the pro- 4 
peller characteristics. In order to determine this 
effect, the characteristics were recalculated for 
propeller ,ii5S at orT , = 25? and 55 0 and a com- 

parison of these values with the previously calculated 
values based on a uniform velocity field is shown in 
the following table: 


Propeller 45 3 





Blade angle at 

0.75R 



Zi 

.25° 


5 

r 0 


V 

r 

J 

C<p 

1 

Cp 

! 

1 

1 teax 

J 

Cp 

n 

w p 

'ha ax 

1.0 

1.0 

0.0.432 

0.0460 

O.9OO 

3 .3 

0.0625 

0.2240 

0.920 

From I 
fig, 8] 

1 1 . 0 
1 ’ 

.0590 

. - . J 

.cliij.5 

L . ! 

.079 
! ! 

\b.i 

1 

nOr p 

♦ JOy u 

.2910 

.914 


Comparison of propeller efficiencies at various 
simulated’ flight conditions .- So ve'fai values of J 
and’ Cp were chosen as a basis for comparison of the 
propeller .characteristics and for analysis of the 


efficiency losses. For constant-speed propellers, 


Gp increases with increasing altitude and J increases 
with increasing forward speed. Values of Gp and J 
were therefore selected to simulate low speed at sea 
level, medium and high speeds at a medium" altitude, 
and high speeds at two high altitudes . These values 
of Gp and J and other oc r tinier t data are presented 
in the following table: '* 


Plight 
condi tion 

Take-off 
at sea 
level 

Climb at 

33,300 

ft 

High 
speed at 
33,800 
ft 

High 
sneed at 
ill, 200 
ft 

High 
speed, at 
39 , 1+00 
ft 

p/p 0 

1.000 

0.325 

0.325 ' 

0.200 

0.250 

J 

.80 

2.00 

3.15 

3.00 

3.80 

°p 

,080 

i 

.21, l6 


.1+00 

.320 


It is emphasized that compressibility. effects are 
not considered in this investigation. In' practice the 
simulated operating conditions considered, except 
possibly take-off, would probably lead to compressibility 
losses that would exceed the other losses discussed 
herein. 


The values from the preceding table of J = 5,15 
and Cp = 0. 2 ) 4.6 correspond to the highest efficiency of 
propeller 55 s on the efficiency contour curve. (Gee 
-is* 15*) I 2 these values are assumed to represent high 
speed at altitude, maximum: rate of climb at the same " 
altitude would require the same value of Gp but would 

require an advance -diameter ratio of the order of 1.2 
to 2.0, depending on the airplane characteristics. In 
this comparison, climb is represented by J = 2.00 
and Gp - O. 2 I 4 . 6 . Take-off is usually accomplished at 

an advance -diameter ratio of 0,5 or less, but in this 
case a value of J ~ 0.S0 and a value of C p of 0.080 

are assumed. Because of the current lack of data on 
NACA 16-series airfoils at the larger lift coefficients, 
it is not possible to calculate the values of Gp just 

mentioned for advance -diame ter ratios lower than those 
used herein for climb and take-off. 


1 6 


The variation of 


r; 
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at the selected values of Cr> 


is shown in figure 2o for a range of J to include the 
values of J chosen for comparison. Propeller 5pS is 
seen to have a higher efficiency than propellers [fiS 
and 39 s in the range of advance -diameter ratio from 2.60 
to 3 .30. In most of the range of J simulating climb 
at altitude ( 1.2 to 2 . 0 ) propeller I 4 . 5 S is most efficient: 
whereas propeller 50S is most efficient in take-off » 'The 
difference in efficiency in climb and take-off, however, 
is small . The values of rj at the simulated flight 
conditions are summarized in table I, 


Effect on Load Distribution of Changes 
in Operating Conditions 

The thrust- loading and torque -loading curves shown 
in figure 3 - 2iu to 23 are presented for the' simulated 
flight conditions of the preceding section. These fig- 
ures indicate that the differences in the loadings due 
to the pitch-distribution differences of the three pro- 
pellers are greater at high than at low advance-diameter 
ratios for equal power absorption. 

For a given propeller the resultant force at any 
blade section, which determines the thrust and torque 
at the section, depends on the square of the resultant 
velocity V/ and. the geometric angle of attack p - 0 .^ , 

At constant advance -diameter ratio, the resultant 
velocities increase with increasing radius. With, 
increasing advance-diameter ratio, the resultant 
velocities of the inboard sections become a larger 
percentage of the resultant velocities at the tip sec- 
tions. If p'- 0 n remains constant along the blade, 

for example, increasing the value of .J increases the 
resultant force of the shank sections as compared to 


„ -- • 

and 0 at each section. -The 


that of 

the tip sect j. 

.O 

ns 

attack. 

however, is n 

.0 

t 

blade b 

ut depends on 


n 

k* 

radial 

variation of 

0 

0. 

from th 

e relation 




tan 0 Q = 


jL 

rrx 


J can be determined 


V l 


V 
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The radial variation of jZL. vv-as calculated for a ' 


large range of ' advance -diameter ratio, with Vj/V ~ • 

taken to he equal to 1.0 all along the tlade . The 
variation, of' 0 O , expressed as $ Q - 0 Qr ^ , with J 

at -eight standard radii is shown in figure 2Q. These 
curves give the angular twist of the resultant geometric 
air stream for any value of J. 

The angular twist of the propeller blades has 


previously been expressed as 
Mg. 7(a).) If for some value 


- P,-, 


0 . 75 R * 


( Se e 


tion the quantity 0 O - 0 O 


o.?5i 


R 


J under considera- 
! subtracted from the 


quantity 
of the V£ 

along the blade. The curves of 


^ 0 . 75 R* td’ iS difference gives a measure 
of the variation of the georae-tric angles of attack 


(r- 


Pn 


) _ 


0.751*/ vo 


A - 


o, 


0.75R 


for propeller pOS at J = 3 ,o0' and for prone Her l^S 
at J = 0.30 are shown in figures 30(a) and 30(b). 

The curve for propeller 303 shows that for any given 
geometric angle of attack at O. 75 R the shank and tin 
angles of attack will be greater, and these larger 
shank .and tip angles readily account for the shape 
o f '"Re thrust- and torque -loading curves of pro- 
ne ixer 30S at J — 3 , 80 . (See fig. 2ci . ) The curve of 


<P- 


P0.75R/ - (# 0 ~ 


7RP 

* . 


for propeller koS at J = 0.80 (fig. 30(a)) shows that the 
shank angles of attack are much larger than are the tip 
angles of attack. Most of the. thrust and torque load of 
propeller Ij-ES is shown in figure 2 k to be located at the 
outboard stations in spite of the large shank angles, 
the reason being that at J = 0,60' the resultant 
velocities over the shank sections are very low as 
compared with the resultant velocities over the tip 
sections. The variation of the square of the ratio of 


the shank resultant velocity to 


;ne 


with advance -diameter ratio is illustrated by 
following table: 


;ip resultant velocity 


die 
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T O 

lo 


J 

0.5 

1.0 

1.5 

2.0 

2.3 

3-0 


• 

^ ' °o .3 or\ 

Y° 0 . 99 R/ 

0.125 

1 — i 

o> 

r — * 

O 

0.280 

O.376 

0 . 1+69 

o.5i+6 

0.675 

0.765 


The resultant force at a section (when profile drag is 
. bCrpW 2 dr- 

neglected) is — — r Inasmuch as the magnitude 

of the vector W is very nearly the same as that of 
vector ¥/ , the table just given indicates directly the 
increasing importance of a shank section as compared 
with a tip section as J is increased* 


If values of 

plotted directly in 
values of 0 O - , 


- a for any propeller are 

. | pit 

figure 29 to the same scale as the 
, values of 

75R 



may he readily seen. The plot therefore gives a -quali- 
tative representation of the angle-of-attack variation, 
which, with due consideration to the radial location of 
the sections, the section chords,, and the value of J, 
gives a rough idea of the loading to he expected. For 
propellers incorporating sections with large values of 
angle of zero lift, it may be desirable to base the 
angle p on the zero -lift line rather than on the 
chord line of the section, 

The blade twist p - p q of a structurally 

practical propeller should be approximately the same 
as the twist of the resultant air stream to realize 
the best efficiency at a given J. For example, the 
angular blade twist of propellers 55 s > 25$, and pOS 
is indicated in figure 29 at <1 = p.l 5, 2.60, and I.J 4 .O, 
respectively; for each propeller the value of J 
corresponds approximately to peak efficiency. In each 
case the blade twist approximates the air-stream twist 
at the value of J for peak efficiency. Deviations 
from the optimum blade twist lead to more important 
losses at high than at low values of J, as Illustrated 
by the r;- values in table I. At J = O.oO, • for example 
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the difference In T) for propellers !j.JS and JOS 
is 0,0J5; at J - J.8o, the difference in 
cellars JOS and JJS 13 0. 


for rro- 


Tl.e most interesting fact hr ought out in figure 29 
is that in order to conform to the resultant twist, the 
design blade twist should he increased as the design J 
is increased to a value of about 2.0 and should then be 
decreased as J is further increased.' If the proneller 


design J is about 2, 


the blade twist fails to con- 


form to the twist of the resultant air stream at values 
of J either higher or lower than 2,0.. .If the value of 
the design J is 3.0 or greater, on the other hand, the 
blade twist is similar to that of a propeller designed 
to operate at J =>' 1.0. 


Breakdown of Energy Losses 



The 

the 

loss i 

the 

five 

are 

shown 

E + E + 
L a r 


induced energy 1 


osses, E a /P and E r /P, and 
rag Ljj/P were evaluated for 


% 


■p 


;able I, .The sum of these losses 
is presented for comparison with the 


measured total fractional energy loss 1 - rj, in which 
the value of rj is the observed value. Inasmuch as, 

J2 -j- 2 ~h 

for incompressible flow, the value — 


represents 
of : 


+ S r + e d 


e total fractional energy loss, the values 

and 1 - Tj in table I should be very 

nearly equal. The calculated fractional energy losses 
closely check the measured losses in several instances, 
but inequalities occur because of the discrepancies 
between the actual and calculated loadings, as indi- 
cated in figure 22, and also because the agreement 
between calculated and measured thrust coefficients at 
equal newer coefficients is not exact in all cases. The 
lack ol agreement at equal power coefficients is illustrated 
by a comparison in table I of the integrated C p - values 

from figures 2ij_ to 2o with the Cp- values chosen for the 

simulated flight conditions and by a comparison of the 
observed and calculated thrust coefficients. The 
integrated, value of Cp for propeller JOS, for example. 
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is 3 percent less than the Cp- value chosen for simulated 

flight at J = and the integrated C<p- value is 

U percent higher than the observed C.-i at J = 2.00. 

E a 

Axial-energy loss.- The -—-values for the three 

-4* p 

propellers in table I are of the same magnitude at any 
one operating condition. The axial-energy loss is a 
large percentage of the total energy loss at J = 0.30, 
but this percentage decreases as J increases. 


Representative distributions of the axial-momentum- 
dCm 

loss factor a — - are shown in figures 31 (a) and 32 (a) 
dx * ’ 

for climb and for one of the high-speed conditions. The 
distributions fox’ the other high-speed conditions are 
similar’ to figure 32 (a) and for take-off, compare with 
those for climb (fig. 31 (a)). 


The calculated axial-energy losses for each simulated 
flight condition, are compared in table II with the 
optimum axial-energy losses as determined from refer- 
ence 2 for the same flight condition. The optimum and 
calculated losses practically coincide for each, flight 
condition, which shows that little, if any, improvement 
in the axi air-energy loss could be achieved by further 


varying the load distribution of 


three propellers 


R otational-energy loss . - 
ro tational-energy-loss factor 


The distributions 
d 0 o 

a 1 — - are shown 
dx 


of the 
in fig- 


ures 3Ki>) ana 32(b) for climb and high speed. The 
distribution for take-off is similar to climb and all 
high-speed distributions are comparable to that of 
figure 32(b). The integrated results in table II show 
that the rcational -energy loss generally tends to 
increase with increasing J. Because of the heavier 
shank loadings of propellers L. 5 S and 303, the rota- 
tional losses ox these propellers are greater than those 


of 


'rone Her 55 S. 


A comparison of the calculated and optimum values 
of E r /P in table II indicates that the rotational- 
energy loss of propeller 55$ is about optimum throughout 
the operating range under consideration but that gains 
in efficiency could be realized in the case of pro- 
pellers .' 4.53 and 303 at large val es of J. 
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Profile -drag . energy loss Ex cant for the high- 
speed operating, condition, represented, by J = J.80 -the 
calculated values of Er>/P in table I indicate that the 
loss of efficiency due- to profile drag varies but 
slightly. The low . profile -drag losses are mainly the 
result of the small profile drag of the thin shank 
sections of these bronellers. 


Toe distributions of ' the profile -drag energy 
dC,-, 


los 


{ 1 t V; ) — - are shown in figures 33 to. 57 
\ u/ dx 


each of the operating conditions presented in table X. 

.Application to design .- The foregoing comparisons 
of tji© axial-, rotational-, and 'prof ile -drag ehergy loss 
that, of these three factors, for light loading 




on , . howeve r , af fa c t b o th 


the profile -drag, 
manner . 


induced rotational and 


energy but affect each in a different 


When the angle 0 is small, the value of the 
induced-inflow factor a 1 is seen in figure 1 to be 
inconsequential compared with that of the inflow factor 
but these values reverse when 0 is large . The 
angle 0 becomes larger, of course, a3 J increases. 
The condition for minimum induced- energy loss requires 
that 


x tan 0 - constant 


as discussed in reference 3 • For a given operating con- 
dition, this uniform helical wake is attained by a 
certain distribution of the blade loading bC L . Charts 
in references 1 and 3 that give the necessary distribu- 
tion of bCj, to attain minimum induced energy losses 
at a given operating condition show that bC L .must 


be decrease 
The factor 


d in the 
dCg 

a t — a 

dx 


in the region where 


shank region as .J is increased, 
is thus kept as small as practicable 
large values of 0 are 'unavoidable . 
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Figure 29, however, shows that a propeller designed 
to operate at an advance -diame ter ratio of roughly 1.0 
to 2.0 (for example, propellers ' 303 and 45 S) may he 
overloaded along the inner radii if it is operated at 
values of J in excess of about 2.5. At J = 3.15 

dC-> . 

the inboard values of a’-r-^ for- propellers 24 . 5 s 

CLX. 

and 30S are shown in figure 32(b) to be much larger 
than those for propeller 55 s * Because of a similar 
overloading of the shank sections at J ~ 3*b0, the 
results in table I give values of H r /P for pro- 
pellers I 4 . 5 S and 30S that are nearly double the loss 
in rotational energy for propeller 55 s * 

Propeller weight and diameter limitations generally 
require heavier loadings than those encountered with the 
propellers tested. Charts in reference 2 show that for 
a given number of blades the optimum value of E r /P • 
becomes larger if the loading is increased at a con- 
stant J. Hence, for more heavily loaded propellers, 
nonoptimum load- distributions of the type experienced by 
propellers 3 OS .and 45 s lead to rotational-energy losses 
more serious than the results of table I indicate. 

The prof 3 le -drag, energy loss varies with Cp/C^ 
as indicated by the equation 

tan 0 

rj ' = 

0 tan [0 + y ) 

For a small constant value of C-q/Cj^, the value of 

does not change appreciably in the approximate range 
of 0 from 20° to 70°. The value of rj T decreases 

rapidly as the value of 0 decreases below about 20 ° 
or increases above about 'JO 0 . 

The value of C^/Cr, or tan y, varies with Ct 
as shown in figure 2(b). Very low operating Cjy-values 
and C-g-values beyond the stall produce an abrupt 
increase in tan y with a corresponding increase in the 
profile -drag loss* 

The prof lie -drag losses for the five simulated flight 
conditions discussed herein are of particular Interest. 
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In take-off, for example, the measurer! efficiency of ' 
propeller L'jS is 0I.5 percent as compared with 
35.0 percent for propeller JOS and 84 . 1 percent for 
propeller 55 $. Operating Cj^- values were determined 
for take-off and are presented in figure 38. The Or- 
values of propeller 1 | 5 S, nearly 0.7, in the region 
of. 0.50R, are on the border of the region for an abrupt 
rise of tan y. (See fig. 2 (b)). Because-, the airfoil 
section characteristics are interpolated, however, the 
values of Cp and tan y shown must be regarded as 

estimates rather than the actual values at the blade. 
Hence, although the calculated value of " E D /P ‘ for 

propeller I;5S for take-off only slightly exceeds the 
value for- either of the other two propellers, in 
actuality the profile -drag loss could be larger than 
shown - or large enough to account for the discrepancy 

E _ + E„ + E t 


between the value O.lol for 


-SL 


J D 


p 


and O.185 


or 


i - ri 

— * 1 4 


in table I, If this supposition is tenable. 


oved 


the take-off qualities of propeller ij.58 could be improv 
either by reducing the pitch in the region 'of 0.5R or 
by incorporating shank sections with* a' higher critical 
lift coefficient. 

. The good efficiency of propeller 55s in take-off, 
64.I -percent as compared with 85 percent for pro- 
peller JOS, illustrates a .previously mentioned point - 
the similarity of the pitch distribution of a propeller 
of high pitch (J = 3»0 or greater) to that of a* pro- 
peller of low pitch, ( See fig. 29.) 


;ional energy loss due to 


The distribution of fract: 
profile drag of propeller pOS in climb (fig. 3J4. ) shows 
that this- loss is large in the 
paring in figure 29 the blade 
(beyond O.75R) with the result'! 
propeller 3 OS is readily, seen 

or J 


twisted in this region 

values of, are high in the 

mated Gp- values of -all throe 
figure 39 • 


tip region. By com- 
twist at the tip 
hint -air-stream twist, 
to be insufficiently 
= 2.00, As a result. 


tip region. The esti- 
propellers are shown in 


The distributions of fractional energy-loss due to 
profile drag (figs. 35 to 37) are similar for all three 
of the simulated high-speed flight conditions. The 
estimated C^-r values of the three propellers at 
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L -r 


J - 3 • ly and. Cp = C.2 u. 6 are shown in figure IpO . It 

will he noted that the C L - values at the inner radii of * 

propeller 55 s are ve ry low and hence lead to large 
values cf tan y • The resulting low profile-drag 
efficiency at the inner radii does not seriously affect 
the propeller efficiency, however, because of the small 
contribution of th©3e sections to the total power absorp- 
tion. 


A comparison of the rotational- and profile-drag 
energy, losses ' at J = 3 .80 shows that of the two 
losses 'the profile-drag loss is the more important for 
each propeller . The C L - variations for this flight 

condition, presented in figure 4 1 , indicate that the 
Cjyvalues of all three propellers are in a favorable 
c d/ g L range for most of the propeller radius. The 


relations nip between 0 ^ and tan y of -the shank sec- 
tions (from x - 0,3 to x - 0 *p) is more favorable 
for propellers J 4 . 5 S' and 303 than for- propeller 55 s. The 
drag losses are shown in figure 37 to be higher for the 
shank sections in the case of propeller 45 s and 30 S 
than for propeller 553. 

At x = 0,3 and J = 3* 80 the angle of the 
resultant wind 0 is very large. .The angle 0 is a 

close approximation to the angle 0 near peak efficiency, 
and 0 Q . at J = 3»8o is shown in figure 29 to be 

about 78 °. Hence, .j#- value 3 in the region of O.pOR are 
in the range in which only slight differences in 0 
cause large differences in 7j» 0 , even if tan y is the 


sa e for all three propellers. This sensitivity cf the 
profile— drag loss to large geometric helix angles, 
coupled with the large power absorption of the inner 
radii, has a very detrimental effect on the efficiency 
of propellers 45 s and 303. Propeller 30S suffers an 
additional profile-drag loss because of the low Cp-value 

at 0 . 7 OR ; the "bump" in the curve of the profile-drag- 
loos distribution of propeller 3 OS (fig. 37 ) is the 
result of the increased value of tan y. 


Tests 

the effects 
teristics f 


CONCLUSIONS 


were made at low Mach numbers to determine 
of pitch distribution on propeller charac- 
cr a large range of operating conditions. 


NACA ARR No. l6e22 


25 


The three-blade tractor propellers used were of 10-foot 
diameter and embodied NAOA 16-series airfoil sections. 
The following conclusions are based on the results of 
these tests supplemented with data obtained by an 
analytical method: 

1. Good agreement was obtained between the measured 
and calculated propeller characteristics. 

2. High efficiency can be obtained if the pitch 
distribution is near the optimum at large advance- 
diameter ratios. 

3. A propeller of design advance -diameter ratio 
of 3.0 or greater would have a favorable loading for 
lower values of the advance-diameter -ratio in the 
take-off range (J =1,0 or lower), 

ip. Variations in load distribution have very little 
effect on the magnitude of the induced 'axial-energy loss 
near peak efficiency. 

5. The use of a propeller at other than design 
advance -diameter ratio might incur excessive rotational- 
energy losses if the operating advance -diameter ratio 
is in excess of about 2.5. 

Langle 3 ’ - Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va. 
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TABLE I 


CALCULATED AND EXPERIMENTAL THRUST AND PO?fER COEFFICIENTS AND BREAKDOWN. OF PROPELLER 
EFFICIENCY LOSSES FOR SEVERAL SIMULATED FLIGHT CONDITIONS 


Propeller 

Observed 

T} 

E a /P 

E /P 
r 

i/P 

•EW +• EV ^ E d 
P 

1 - U 

Calculated 

Cp 

L 

Observed 

C T 

Calculated 

C^ 




Take-off ; 

J, O.8O5 Cp, 

0.060 




BBS 
45 S 
30 S 

0.341 

.615 
.850 - 

0.090 

.089 

'.087 

0.019 

.023 

,019 

C .048 

.049 

.047 

0.157 
. 161 
.153 . 

' 0.159 

.185 

. 15 C 

0.080 . 
.080 
. 079 , . 

0.0841 

-.0815 

.0850 

0.062 

.-084 

.083 



Climb; 

J, 2 . 00 ; Cp, 3.246 




55 S • 
4 q s 

30 s 

0.892 

.883 

.863 

0.037 

.033 

.034 

0.036 

.036 

.037 

0.042 

•037 

.044 

• 0.115 1 
. 106 
. 115 

0.106 
. H 7 
.137 

0.248 

.244 

.246 

0.1097 

.1066 

.1062 

°-.m 1 

.1105 


• 


: Hi gl 

1 Speed; 

d, 3 • 15 9 

0.246- 

- / 



55s 

45s 

30s 

1 0.930 

.905 
• 873 

0.012 

.009 

.009 

0.0261 

.034 

.034 

•0.051 

.049 

.030 

0.089 

.092 

.093 

1 0.070. 

i' .095 

1 . 127 
« - 

0.244 

.246 

.238 

0.0726 

.0706 

.0662 

: 0.071 

.071 

.067 


i, ~ 


High Speed; 

; J, 

0.400 




55s 

45 S 

30s 

0.902 

.875 

.860 

0.019 

.016 

.018 

0.043 

.051 

.051 

6.039 

.042 

.044 

'0.161 

.109 

.113 

1 0.098 
1 .125 
i .140 

0.394 ' 
•396 
•394 

0.1202 
.1168 
• 1147 

0.1195 

.1181 

.1105 




Hi g: 

h Speed 

; J, 3-80; Cp, 

0.320 




55s 
45 s 
30 s 

0.914 ’ 
.373 
.831 

•0.007 

.006 

.006 

0.029 
.650, 
. 053 

.070 

0.083 

.120 

.129 

0.086 

.127 

.169 

0.315 

. 3.13 

.311 

0.0770 

.0736 

.0700 

0.0751 

.0727 

.0716 
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28 TABLE II 

INDUCED EFFICIENCY LOSSES OF PROPELLERS 553 , 453 , -AND 30 S 
AND OPTIMUM ENERGY LOSSES FOR SEVERAL SIMULATED 
FLIGHT CONDITIONS 


Prope Her 

Calculated 

E a /P 

Optimum 

(a) 

Calculated 

E r /P 

Optimum ] 

S r /P 

(a) 


Cp = ' 0 

.080; J'= 

= o.3o 


553 
. 45 S 
50 S 

0,090 

.O89 

.087 

1 

' 0 . 090 
.090 
.090 

0.019 

.023 

.019 j 

0,024 

.024 

.024 


Cp = ■ 0.246; J - 

= 2,00 


55 S 

U 5 S 

503 

0 , 037 
.033 

.054 

0.033 

.033 

.033 

0.036 ' 
• op 6 
.037 

0.037 

.037 

.037 


Op = 0 

.246; J ; 

= 3.15 


553 

• fos . 

3 os 

0.012 
.009 . 
.009 

0 . 014 
.014 
.014 

0.026 

.034 

.034 

0.025 

.025 

.025 


C p — 0 

. 400 ; J : 

= 5.00 


553 

453 

30s 

0.019 

.016 

.018 

0.018 
- .018 
.018 

0.045 

.051 

.051 

0.045 
. 045 
. 045 


Op = 0 

. 520 ;. J : 

= 3. Bo 


?5| 

30 S 

0.007 
.006 
,006 • 

0.010 

.010 

.010 

0,029 

.050 

.053 

0.029 

.029 

,029 


a Optimum values are from figures 2 and 5 of reference 2. 
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Figure 1.- Geometric relation of blade-element forces 

and velocities. 



Ang/e of attack , 
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(a; C L curves. 

Figure 2.- Two-dimensional airfoil characteristics. NACA 10-308-05 propeller sections. 

Mach number, 0.3. 
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Figure 2.- Concluded. 
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Fig. 3 



Figure 3.- Photograph of test setup. 


185.7 



Figure 4.- Dimensional details of test setup. (All dimensions except x are in Inches.) 
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Figure 5.- Close-up showing spinner cut-outs and 
celluloid cover plates. 
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Fig. 6 



Figure 


6.- Blade-form curves and C T distribution of KACA propeller 10-308-03 . 
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Fig. 7a 
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Fig. 7b 



Figure 7.- Concluded. 
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Figure 8.- Velocity distribution 7| inches behind propeller disk. Propeller removed. 
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(a) X.-0-3, 

Figure 9 .- Element thrust coefficients. Propeller 55S. 
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(b) x -0.45. 
Figure 9 .- Continued. 
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Figure 9.- Continued. 
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Figure 9.- Continued. 
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Figure 9.- Continued. 
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Figure 9.- Concluded. 
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Fig. 10a NACA ARR No. L6E22 



Figure 10- - Continued. 
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Figure 10, - Continued . 
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Figure 10. - Continued . 
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Figure 10.- Concluded. 
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Figure 11- - Continued . 
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Figure 11- - Continued . 


I 


NACA ARR No. L6E22 Fig. lie 


H* 

oq 



NACA ARR No. L6E22 


.32 



(8 ) x -0.95. 
Figure 11. - Concluded. 
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Figure 12.- Element torque coefficients. Propeller 55S. 
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Figure 12 .- Continued. 
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Figure 12.- Continued. 
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Figure 12.- Continued. 
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Figure 12.- Continued. 
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NACA ARR No. L6E22 Fig. 12f 
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Figure 12.- Concluded. 
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Figure 15 .- Continued. 
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Figure 1 }.- Continued. 
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Figure 13 .-Continued . 
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Figure 13.- Concluded. 
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Figure 14.- Elenent torque coefficient. Propeller 30S. 
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Figure 11+.- Continued. 
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Figure 1I4..- Continued. 
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Figure ll*.- Continued. 
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Figure ll*.- Continued. 
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Figure 11*.- Continued. 
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Figure Concluded. 
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Figure /7- Propeller operating chart .Propeller 30 S . 
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Figure 21.- Comparison of Cj at constant values of Cp. Propellers 55S, 
14 . 5 S, and 30S. 
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(c) Propeller 30S; J, 2.17. 
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Figure 22.- Comparisons of measured and calculated thrust loading curves at 
constant power coefficient. /3c.75K = 4-5° ; Cp • 0.2. 
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(a) Thrust. 

Figure 2l \. . - Grading curves at take-off. Cp = 0.080; J = 0.80. 


NACA ARR No. L6E22 



NACA ARR No. L6E22 



(a) Thrust. 


Figure 25 .- Grading curves at climb. Cp 


0.2i|6; J = 2.00. 
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Figure 25.- Concluded. 
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Figure 26.- Grading curves at high speed. Cp = O. 2 I 4 . 6 ; J = 3.15* 
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Figure 26.- Concluded 
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(a) Thrust. 

Figure 27.- Grading curves at high speed. Cp = 0.1*00; J - 5*00 
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(b) Torque. 

Figure 27.- Concluded. 
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(a) Thrust. 

Figure 28.- Grading curves at high speed. Cp = 0.320; J = 3*80. 
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(b) Torque. 

Figure 28.- Concluded. 
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Fig. 30a, b 



(a) Propeller 30S; J - 3.8. 
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(b) Propeller 45Sj J =0.8. 

Figure JO.- Variation of geometric angle of attack, based on chord line. 
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Figure 31.- Distribution 
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Fig. 32a 



(a) Axial-momentum-loss factor. 


Figure 32.- Distribution of induced energy losses at high speed. 

Cp = 0.246; J = 3.15. 
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(b) Rotational-raomentum-losa factor. 


Figure 32.- Concluded. 




Figure 33.- Distribution of fractional energy loss due to profile drag. Take off. Cp = 0.080; J = 0.80. ^ 
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Figure 34.- Distribution of fractional energy loss due to profile drag, 


Climb 


0.246; J = 2.00, 
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Figure 35.- Distribution of fractional energy loss due to profile drag. High speed. 

Cp = 0.246; J = 3.15. 
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Figure 36.- Distribution of fractional energy loss due to profile drag. High speed. 

Cp = 0.400; J = 3.00. 
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Figure 37.- Distribution of fractional energy loss due to profile drag. High soeed. 

Cp = 0.320; J = 3.80. 
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Fig. 38 
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Figure 38.- Variation of with x at take-off 

Cp = 0.080; J = 0.80. 


1IACA ARR No. L6E22 


Fig. 39 



Figure 39.- Variation of Cl with x at climb. 
C p = 0.246; J = 2.00. 
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Figure 40.- Variation of C^, with, x at high speed. 
C P = 0.246; J = 3.15. 
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Figure 41.“ Variation of C^. with x at high speed. Cp r 0.320; J r 3.80. 
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